Within the leading logarithmic approximation of perturbative QCD and the leading twist approach to nuclear shadowing, we compare the cross sections of photoproduction of J/ψ and ψ(2S) mesons on nuclei in Pb-Pb UPCs in the LHC kinematics.
In a recent series of papers [1, 2] it was argued that the ALICE data on J/ψ photoproduction in Pb-Pb ultraperipheral collisions (UPCs) at the LHC at √ s = 2.76 GeV [3, 4] constrains the nuclear gluon distribution at small x and favors the significant nuclear gluon
shadowing at x ≈ 10 −3 . This note presents an extension of the analysis of [2] to the case of photoproduction of ψ(2S) vector meson, the first excitation of J/ψ, in Pb-Pb UPCs at the LHC. We show that the nuclear suppression is rather similar in the ψ(2S) and J/ψ cases, which provides additional constrains on the dynamics and magnitude of the nuclear gluon shadowing at x ≈ 10 −3 .
In QCD the cross sections of photoproduction of J/ψ and ψ(2S) vector mesons on the nucleon and nuclei can be treated on equal footing. In this work we use the leading logarithmic approximation of perturbative QCD, where the γ + T → J/ψ[ψ(2S)] + T cross section is proportional to the gluon density of the target G T (x, µ 2 ) squared [5] :
where T denotes the nucleon or a nucleus; W γp is the invariant photon-target center of mass energy per nucleon; t is the four-momentum transfer squared and t min = −x 2 m 2 N is its minimal kinematically-allowed value, where m N is the nucleon mass; µ is the factorization
γp is the light-cone momentum fraction associated with the two-gluon ladder, where M V is the vector meson mass (V = J/ψ or ψ(2S)); C(µ 2 ) determines the cross section normalization and depends on the wave function of the final charmonium state and approximations used in the calculation of the strong γ +T → J/ψ[ψ(2S)]+T amplitude;
is the form factor of the target. While for the proton target F p (t) = 1 with the very good accuracy, the effect of t min = 0 is important for heavy nuclei.
In the case of J/ψ photoproduction on the proton, Eq. (1) was first derived in [5] using the non-relativistic approximation for the J/ψ wave function and later extended beyond the non-relativistic and collinear approximations in [6, 7] . It was found that µ 2 = O(m and
, where Γ ee is the J/ψ → e + e − decay width; α em is the fine-structure constant; η is the ratio of the real to the imaginary parts of the γ + p → J/ψ + p scattering amplitude; R g is the skewness factor taking into account the off-forward nature of the γ + p → J/ψ + p amplitude. The factor of A similar analysis can be carried out in the case of ψ(2S) photoproduction on the proton. This is supported by the H1 [8] and ZEUS [9] results on diffractive photoproduction of ψ(2S) mesons which found that the energy behavior of the diffractive ψ(2S) cross section is similar to or possibly somewhat steeper than that for J/ψ mesons:
where ∆δ = 0.24 ± 0.17 on the interval 40 < W γp < 150 GeV [8] . Using as a representative example the leading order CTEQ6L1 parton distribution [11] , we find that Eq. (1) reproduces Eq. (2) with 3.8 < µ 2 < 4.5 GeV 2 , where the range of the µ 2 values corresponds to the large experimental error on ∆δ. In view of this uncertainty, in the analysis below, for definiteness, we use µ 2 = 4 GeV 2 for ψ(2S) photoproduction on the proton and nuclei.
Note that the exclusive ψ(2S) photoproduction cross section within the leading and next-to-leading orders of perturbative QCD was analyzed in [10] and predictions for ψ(2S) photoproduction in proton-proton UPCs at the LHC were given. Our results for the W γp dependence of the cross section of diffractive ψ(2S) photoproduction broadly agree with those of [10] .
Applying Eq. (1) to the nucleus and proton targets and integrating the nucleus cross section over the momentum transfer t, we obtain for the cross section of J/ψ and ψ(2S)
photoproduction on a nucleus [2] :
is the nuclear form factor normalized to unity,
deviates from unity by a few percent and takes into account the fact that nuclear shadowing slows down the W γp
It is convenient to quantify the role of the nuclear gluon shadowing suppression in photoproduction of heavy vector mesons on nuclei by comparing predictions of Eq. (3) with the nuclear cross section calculated in the impulse approximation (IA):
Introducing the suppression factor S(W γp ) [1, 2] , we obtain:
where
] is the factor quantifying the nuclear gluon shadowing. the predictions of the dynamical leading twist theory of nuclear shadowing [12] (the curves labeled "LTA+CTEQ6L1", which span the theoretical uncertainty band) and the results of the EPS09 global QCD fit of nuclear PDFs [13] (the central value and the associated shaded uncertainty band labeled "EPS09").
In the case of photoproduction of J/ψ, the theoretical predictions describe well the values of S(W γp ) (the filled squares with the associated errors), which were model-independently extracted in the analysis [1] of the ALICE data on J/ψ photoproduction in Pb-Pb ultraperipheral collisions at the LHC at √ s = 2.76 TeV [3, 4] . global QCD fit of nuclear PDFs [13] (the central value and the associated shaded uncertainty band labeled "EPS09"). The filled squares and the associated errors are the results of the analysis of [1] in the J/ψ case. 
where the spread in the values of S correspond to the theoretical uncertainty of the LTA and EPS09 predictions.
Photoproduction of J/ψ and ψ(2S) vector mesons on nuclei can be studied in nucleusnucleus ultraperipheral collisions (UPCs), when the colliding nuclei pass each other at large impact parameters | b| so that the strong interaction between the nuclei is suppressed and they interact through the emission of quasi-real photons [14] . The corresponding cross section reads:
where N γ/A (y) = ωdN γ/A (ω)/dω is the photon flux; y = ln(2ω/M V ) is the final vector meson rapidity, where ω is the photon energy.
The photon flux at large impact parameters b = | b| > 2R A emitted by a fast-moving nucleus, N γ/A (ω), can be approximated very well by the flux of equivalent photons produced by a point-like particle with the electric charge Z:
where α e.m. is the fine-structure constant; K 0 (X) and K 1 (X) are modified Bessel functions; TeV. The filled squares with error bands are the ALICE data points [3, 4] .
function of the final vector meson rapidity y at √ s = 2.76 TeV. In the J/ψ case, one can see that the theoretical predictions give the good description of the ALICE data points [3, 4] shown as filled squares with error bands.
Let us compare the J/ψ and ψ(2S) cross sections. In particular, at the central rapidity y = 0, we obtain (see Fig. 2 ): 
In the right-hand side of Eq. (9), we show the range of predicted values corresponding to the intrinsic theoretical uncertainty: in the LTA+CTEQ6L1 case, the first value corresponds to the higher gluon shadowing scenario and the second one is for the lower gluon shadowing scenario [12] . In the EPS09 case, we show the central value with the associated uncertainty due to the uncertainty of the extracted nuclear gluon PDF [13] .
Taking the ratio of the cross sections in Eq. (9), we obtain: 
These values can be be compared to: (i) the ratio of the ψ(2S) and J/ψ photoproduction cross sections on the proton, and (ii) the ratio of ψ(2S) and J/ψ photoproduction cross sections in Pb-Pb UPCs calculated in the impulse approximation.
For the case (i), the H1 analysis gives [8] : 
where the experimental errors have been added in quadrature. In Eq. (12) we took into account that at y = 0, W γp in the ψ(2S) case is slightly higher than that in the J/ψ case.
For the case (ii), we obtain:
A comparison of the results in Eq. (10) with those of Eqs. (12) and (13) shows that (i) the nuclear suppression of J/ψ and ψ(2S) photoproduction in Pb-Pb UPCs at central rapidities due to the nuclear gluon shadowing is rather similar, and (ii) in comparison to the J/ψ case, the effect of the slightly smaller nuclear shadowing suppression in the ψ(2S) case is compensated by a somewhat smaller photon flux, which makes the (dσ AA→AAψ(2S) (y)/dy(y = 0))/(dσ AA→AAJ/ψ (y)/dy(y = 0)) ratio numerically close to the (dσ γp→ψ(2S)p /dt(t = 0))/(dσ γp→J/ψp /dt(t = 0)) ratio for the free proton.
Finally, integrating the cross sections in Fig. 2 over the rapidity y in the interval −4 ≤ y ≤ 4, we obtain for the ratio of the integrated cross sections:
0.14
Photoproduction of the ψ(2S) vector meson on nuclei in Pb-Pb UPCs at the LHC was also considered in [15] using an approach rather similar to ours in spirit but different in implementation and in [16] using the color dipole framework. In contrast to our results, it was found in [15] that the ratio of the ψ(2S) and J/ψ photoproduction cross sections in Pb-Pb UPCs is noticeably enhanced compared to the free nucleon case.
In Ref. [16] , when shadowing suppression of the cross sections of J/ψ and ψ(2S) photoproduction in Pb-Pb UPCs is evaluated using the standard dipole formalism based on multiple scattering ofdipoles on target nucleons, the obtained suppression factor is small in both cases and is significantly smaller than predicted in our approach, see the discussion in [1, 2] . As a result, the dipole formalism without gluon shadowing (R g = 1) fails to reproduce the ALICE J/ψ UPC data [3, 4] . To remedy this, an additional suppression factor of R g < 1, which aims to take into account large gluon shadowing, was also included in the analysis [16] , which in our opinion constitutes possible double counting. The resulting model predicts large and very similar suppression of J/ψ and ψ(2S) photoproduction in Pb-Pb UPCs at the LHC, which is in agreement with our findings.
In summary, within the leading logarithmic approximation of perturbative QCD coupled with the leading twist approach to nuclear shadowing, we compared the cross sections of photoproduction of J/ψ and ψ(2S) mesons on nuclei in Pb-Pb UPCs in the LHC kinematics.
We found that the nuclear suppression of these cross sections due to the nuclear gluon shadowing is large and rather similar in the J/ψ and ψ(2S) cases.
